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摘要 
汞是一种全球性的有毒重金属元素，由于形态多变，其生物地球化学循环过
程十分复杂。大气中的汞主要来自于人类活动，燃煤是最主要的汞排放源。目前，
海水脱硫工艺广泛应用于我国沿海地区的燃煤电厂中。与其他脱硫工艺不同，配
备海水脱硫系统燃煤电厂的汞排放除了通过烟气排入大气外，还包括不可忽略的
脱硫海水中的汞向大气的迁移扩散。因此，研究配备海水脱硫系统的燃煤电厂的
汞排放特征对周边大气的影响，具有十分重要的意义。 
本研究以厦门市一座配备有典型海水脱硫系统的燃煤电厂（SY 电厂）的周
边大气环境作为研究区域，以汞稳定同位素为技术手段，调查煤中汞在燃烧、排
放及扩散过程中的汞同位素分馏，评估 SY 电厂汞排放对周边大气环境的影响。
研究结果为客观评价设有同类海水脱硫装置的燃煤电厂周边大气环境中汞的污
染风险，提供数据参考及预测技术。具体的研究内容及结果如下： 
（1）以金柱或滤膜为汞的载体，建立相关环境样品的采集与预富集方法。
滤膜的低空白（13.3±6.2 pg）与金柱富集法稳定的基底加标回收率（97.7±5.3%），
确保样品采集的可靠性。建立并完善热解-吸收的汞同位素样品预处理方法。方
法空白低（小于 50 pg），汞回收率高（98.1±4.5%），方法重现性良好。应用该
方法处理不同状态的环境样品，能有效降低预处理的系统误差。 
（2）研究燃煤、烟气净化及海水脱硫各工艺中汞的浓度分布及汞同位素特
征。煤相关样品具有由磁同位素效应引起的汞同位素 MIF。煤中 Hg2+的还原、
烟气中 Hg0 的氧化、烟气 Hg2+转移至飞灰形成 Hg(p)以及曝气过程脱硫海水中汞
赋存形态变化的产物，均富集轻质量数的汞同位素。海水脱硫时，海水富集烟气
中的重质量数汞同位素。根据质量平衡原理估算得到的烟气中的汞同位素组成
（δ202Hg = -1.55 至-1.13‰，Δ199Hg = -0.05‰）证实，轻质量数的汞同位素富集
于排放烟气中。 
（3）在 SY 电厂的曝气池及排水口采集样品，测定脱硫海水中的溶解气态
汞及脱硫海水上方的气态单质汞的汞同位素组成，探讨单质汞由液相向气相扩散
迁移过程的同位素分馏机制。总体而言，溶解气态汞（δ202Hg = -0.56±0.39‰，
Δ199Hg = -0.16±0.13‰）具有比气态单质汞（δ202Hg = -1.78±0.77‰，Δ199Hg = 
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0.27±0.26‰）偏正的 δ202Hg 值及偏负的 Δ199Hg。样品的 Δ199Hg 与 Δ201Hg 的比值
为 1.626，证实单质汞由表层海水向大气的扩散过程中，发生了核体积效应导致
的汞同位素 MIF。比较样品在曝气池与排水口的汞同位素组成，确定了曝气有利
于单质汞由液相向气相的扩散，尤其促进了 199Hg、200Hg 与 201Hg 向大气的扩散。
此外，根据（2）中估算得出的电厂排放烟气中的汞同位素组成，以及质量平衡
原理，进一步估算出 SY 电厂排放向大气的汞的同位素组成（δ202Hg = 
-1.34±0.31‰，Δ199Hg = -0.05±0.01‰）。 
（4）考察了 SY 电厂周边地区大气颗粒物及湿沉降的汞的同位素特征，发
现大气颗粒物及湿沉降均具有偏负的 MDF 及略微偏正的偶数汞同位素 MIF，大
气颗粒态汞（δ202Hg = -1.01±0.79‰，Δ199Hg = -0.27±0.20‰，Δ200Hg = 0.10±0.08‰）
与雨水颗粒态汞（δ202Hg = -0.35±0.61‰，Δ199Hg = -0.25±0.23‰，Δ200Hg = 
0.10±0.06‰）具有偏负的奇数汞同位素 MIF，湿沉降（δ202Hg = -0.38±0.39‰，
Δ199Hg = 0.04±0.15‰，Δ200Hg = 0.11±0.05‰）与雨水溶解态汞（δ202Hg = 
-0.37±0.41‰，Δ199Hg = 0.14±0.14‰，Δ200Hg = 0.11±0.07‰）具有偏正的奇数汞
同位素 MIF。结合气象数据对大气颗粒物及湿沉降中汞的来源进行分析和示踪，
结果表明，大气颗粒态汞是大气远距离传输的汞与当地排放的汞之混合，两者贡
献的相对大小因气象条件而变化。湿沉降汞主要受大气远距离汞传输影响；且随
着降雨的进行，当地的汞输入在雨水中汞的组分减少。 
 
关键词：汞；燃煤电厂；海水脱硫；汞同位素分馏；大气环境；大气颗粒物
及湿沉降 
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Abstract 
Mercury is a toxic heavy metal, with a complicated biogeochemical cycle due to 
its various species. Mercury emissions to the atmosphere come mainly from 
anthropogenic activities, and among them, coal combustion is considered to be the 
dominant contributor. Seawater flue gas desulfurization (SFGD) system has been 
widely adopted in coal-fired power plants (CFPPs) of China coastal region. Defferent 
from other flue gas desulfurization techniques, where the influence of CFPPs on 
surrounding atmosphere is only dominated by stack emission, the mercury transfer 
from post-desulfurization seawater of a SFGD system to air should not be ignored. 
Therefore, it is meaningful to study the influence of mercury discharged from CFPPs 
equipped with SFGD system on surrounding atmosphere. 
In this study, atmospheric environment around a typical coal-fired power plant 
equipped with SFGD system (SY power plant) was chosen as study area. With 
mercury stable isotope as the technological tool, mercury isotope fractionation during 
the processes of coal combustion, flue gas emission and diffusion, were investigated. 
The study results would provide data reference and prediction technique for 
evaluation of the pollution risk of mercury in atmospheric environment around similar 
CFPPs. The research contents and results are as follows: 
(1) Environmental sample collection and preconcentration methods were 
established with gold traps or filter membranes as mercury carriers. The low blank 
values (13.3±6.2 pg) of filter membranes and the stable matrix recoveries (97.7±5.3%) 
of gold traps made sample collection more reliable. The combustion - trapping 
method was built for pretreatment of mercury isotope samples. The method blank was 
lower than 50 pg, the mercury recovery was 98.1±4.5% and the method was of good 
reproducibility. The method could be applied for pretreatment of different state of 
environmental samples and effectively reduce the pretreatment errors. 
(2) The mercury concentrations and the characteristic of mercury isotopes during 
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the processes of coal combustion and SFGD were investigated. In coal related 
samples, mercury isotope MIF was induced by magnetic isotope effect. The reacitions, 
including Hg
2+
 reduction in coal, Hg
0
 oxidation in flue gas, transfer of flue gas Hg
2+
 
to Hg(p) in fly ash and mercury reactions in the process of aeration, were all enriched 
with lighter isotopes in the products. Heavier isotopes in the flue gas were enriched 
with seawater during SFGD process. Based on the mass balance principle, mercury 
isotope compositions of the flue gas (δ202Hg = -1.55 to -1.13‰, Δ199Hg = -0.05‰) 
were estimated and lighter isotopes enriched with stack emission was demonstrated. 
(3) The aeration pool and discharge outlet of SY power plant were focused, 
mercury isotope composition of dissolved gaseous mercury in the post-desulfurization 
seawater and gaseous elemental mercury above the post-desulfurization seawater were 
determined, and mechanism of isotope fractionation of elemental mercury transferred 
from liquid phase to gas phase was discussed. In general, compared with gaseous 
elemental mercury (δ202Hg = -1.78±0.77‰, Δ199Hg = 0.27±0.26‰), dissolved 
gaseous mercury (δ202Hg = -0.56±0.39‰, Δ199Hg = -0.16±0.13‰) had more positive 
δ202Hg value and more negative Δ199Hg value. The ratio Δ199Hg/Δ201Hg was 1.626 for 
all samples, suggesting that mercury mass independent fractionation occurred owing 
to the nuclear volume effect during transformation. Compared with mercury isotope 
composition of samples between aeration pool and discharge outlet, it was found that 
aeration played a role in accelerating the elemental mercury transfer from liquid phase 
to gas phase, especially speeding up the diffusion of 
199
Hg, 
200
Hg and 
201
Hg. Besides, 
mercury isotope compositions of stack emission (from (2)), and that emitted from SY 
power plant into atmosphere (δ202Hg = -1.34±0.31‰, Δ199Hg = -0.05±0.01‰) were 
estimated based on the mass balance principle. 
(4) The characteristics of mercury isotopes of atmospheric particulate matters 
and wet depositions around SY power plant were investigated. Both atmospheric 
particulate matters and wet depositions showed more negative MDF and slightly more 
positive even-MIF. Atmospheric particulate mercury (δ202Hg = -1.01±0.79‰, Δ199Hg 
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= -0.27±0.20‰, Δ200Hg = 0.10±0.08‰) and particulate mercury in rain water (δ202Hg 
= -0.35±0.61‰, Δ199Hg = -0.25±0.23‰, Δ200Hg = 0.10±0.06‰) showed more 
negative odd-MIF, while wet deposition (δ202Hg = -0.38±0.39‰, Δ199Hg = 
0.04±0.15‰, Δ200Hg = 0.11±0.05‰) and dissolved mercury in rain water (δ202Hg = 
-0.37±0.41‰, Δ199Hg = 0.14±0.14‰, Δ200Hg = 0.11±0.07‰) showed more positive 
odd-MIF. Together with meteorological data, sources of mercury in atmospheric 
particulate matters and wet depositions were analyzed and traced. The results 
indicated that atmospheric particulate mercury came from long-distance transmission 
and local mercury emissions, and the contribution of each varied with meteorological 
condition. Mercury in wet deposition was mainly controlled by long-distance mercury 
transmission, and the influence of local mercury emissions on wet deposition was 
decreased as the rain continued. 
 
Key Words: Mercury; Coal-fired power plant; Seawater dusulfurization; 
Mercury isotope fractionation; Atmospheric environment; Atmospheric particulate 
matters and wet depositions 
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缩略语表 
VI 
缩略语表 
英文简称 英文全称 中文全称 
AP Air Preheater 空气预热器 
DGM Dissolved Gaseous Mercury 溶解气态汞 
ESP Electrostatic Precipitator 静电除尘器 
FGD Flue Gas Desulfurization 烟气脱硫 
GEM Gaseous Elemental Mercury 气态单质汞 
MC-ICP-MS 
Multiple Collector - 
Inductively Coupled Plasma - 
Mass Spectrometry 
多道接收 
电感耦合等离子体 
质谱仪 
MDF Mass Dependent Fractionation 质量分馏 
MIE Magnetic Isotope Effect 磁同位素效应 
MIF 
Mass Independent 
Fractionation 
非质量分馏 
NIST 
National Institute of Standards 
and Technology 
美国国家标准与技术 
研究院 
NVE Nuclear Volume Effect 核体积效应 
PCD Particulate Control Device 颗粒物控制装置 
SCR Selective Catalytic Reducer 选择性催化还原装置 
SFGD 
Seawater Flue Gas 
Desulfurization 
海水烟气脱硫 
TIMS 
Thermal Ionization Mass 
Spectrometry 
热电离质谱仪 厦
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